Xu et al.: Effect of hydrophilic polymer in three green roof substrates on growth, flower development, and overwintering of Agastache rugosa (Korean mint) without irrigation - Abstract. Some herb plants can be adapted to green roof systems when provided with better growing conditions such as irrigation. The aim of this study was to determine the effects of different amounts of water retentive, hydrophilic polymers used in green roof substrate mixtures, on the growth of Agastache rugosa. Coir dust and perlite were mixed at a ratio of 80 to 20% (coir dust to perlite, v/v) (termed C 4 P 1 ), 50 to 50% (C 1 P 1 ) or 20 to 80% (C 1 P 4 ) at a substrate depth of 20 cm. Hydrophilic polymer was added to the substrate mixtures at 0 (polymer: medium (w/v), dry weight basis) (control), 0.25, 0.5, 1.0 or 2.0 kg·m -3 . Our study indicated that Agastache rugosa can withstand extended dry conditions experienced in green roofs. Substrates C 4 P 1 and C 1 P 1 with high coir dust matter are not suitable for Agastache rugosa because of the low growth and poor ornamental quality observed in these plants, especially during the summer rainy season. For the determination of difference in growth, flower development and overwintering of Agastache rugosa among the different substrate conditions, Duncan's multiple range test was conducted. It was found that the addition of 1.0 kg·m -3 hydrophilic polymer to C 1 P 4 significantly increased the number of inflorescences and resulted in good growth and ornamental quality during both drought and rainy seasons. Moreover, higher overwintering rate was associated with lower coir dust and hydrophilic polymer content. These results indicated that addition of 1.0 kg·m -3 hydrophilic polymer to C 1 P 4 was optimal for the growth of Agastache rugosa in green roofs under dry and rainy seasons.
Introduction
Green roof is an environmentally friendly way to reduce urban heat island, noise and air pollution. At the same time, it can improve storm water management with delayed runoff, water quality, building's microclimate as well as aesthetic value and habitats for wildlife (Santamouris, 2014) . Because of their numerous environment benefits, and more green, and open-air amenities without additional land acquisition cost, green roofs has become popular in many cities around the world. However, environmental conditions on the rooftops are often extreme compared to those on the ground, such as high temperature, strong wind, and long-term drought. Extensive green roof with light and thin layer of substrate demonstrate water deficit conditions (Dunnett and Nolan, 2004) . The composition and characteristics of green roofs depend on many factors.
With the tremendous upsurge of interest in increasing the diversity of plant species in green roof systems, the edible plants were used extensively in recent year (Butler et al., 2012) . It is also important to choose an appropriate substrate in which plants demonstrate drought-tolerant growth and can withstand the harsh rooftop environment.
Agastache rugosa is a perennial herb native to Korea, China and Japan that can grow to a height of 100-150 cm with quadrangular stems, displaying mauve or purple -blue flowers between June and September (Schafer, 2011) . Agastache rugose thrives in warm and humid weather. It does grow best in full sun and well-drained sandy loam rich in organic matter, but also tolerate under somewhat poor soil and dry conditions. It can survive winter temperatures of at least -10 °C without protection. It can propagate by seeds in the spring and autumn, as well as with rooted cutting (Yamani et al., 2014) . The flowers attract various species of butterflies and are also known as a valuable source of nectar for honeybees and native bees. It is also used in traditional Chinese medicine to treat cholera, vomiting, fever, headaches, colds, vomiting, nausea, and stomach problems, as well as in other eastern Asia countries (Choi and Seo, 2007) .
Hydrophilic polymers (hydrogel), able to hold water several hundred times their weight, are widely used to improve the moisture of soil in the field of agriculture, horticulture and forestry (Baran et al., 2015) . Since the 2000's, studies have been conducted on the application of hydrophilic polymers in green roofs, along with the development of high interest in green roofs. Hydrophilic polymers are used in green roof substrates to enhance the water holding capacity and improve the growth of plants. Young et al. (2017) revealed that coarser particle size substrates amended with 1% (v/v) dry hydrophilic polymer can significantly improve the drought tolerance of green roof plants，such as Festuca ovina and Linaria vulgaris. The growth of Salvia officinalis in 8 cm deep substrate mixed with hydrophilic polymer at a rate of 0.6% was the best under drought stress (Savi et al., 2014) . Farrell et al. (2013) examined the impact of hydrophilic polymer addition to two green roof substrates, scoria-based and crushed terracotta roof-tile based, on the growth of winter wheat (Triticum aestivum L.) and white lupin (Lupinus albus L.). The results suggest that hydrogel addition can improve the plant available water, but had no effect on increasing wilting time. Olszewski et al. (2010) reported that the use of hydrophilic polymers increased the total porosity and container capacity of the substrate. The study also showed that hydrophilic polymer addition improved the initial plant growth of Sedum floriferum and Sedum spurium. Oschmann et al. (2007) conducted a three-year experiment with extensive green roof systems using crushed expanded slate substrates with 12 species of wild plants. The results revealed that use of hydrophilic polymers can enhance the water holding capacity and plant available water of substrates. In addition, the plants in substrates showed the best growth, especially at a concentration of 3 g·L -1 , which resulted in the best coverage and regeneration. Meanwhile, our previous study found that the use of hydrophilic polymers in peat moss-based substrates significantly increased the substrate water content, but adversely affected plant growth, flowering and the visual quality of the drought-tolerant plant Aster koraiensis under no irrigation conditions (Xu et al., 2014) . The response to hydrophilic polymers will thus depend upon the specific plant species and environmental conditions in the area. The objectives of this study were to determine the effect of different levels of water-retentive, hydrophilic polymer in three types of substrates on the growth, flower development and overwintering of Agastache rugosa in green roofs during the dry as well as rainy season. From top to bottom, each container was filled with the following four layers: vegetation, growing medium, geotextile filter, and plastic drainage. A geotextile filter with good air permeability and water permeability was used to filter the substrate and separate it from the drainage layer. Plastic drainage was used to support the three layers above, to cut off roots, increase insulation, and retain excess water (Papafotiou et al., 2013) . Based on the growth habits of Agastache rugosa and previous studies on green roof substrates, experimental substrates were formulated consisting of 80, 20, or 50% (by volume) coir and 20, 80, or 50% (by volume) perlite. Hydrophilic polymer (K-SAM, Kolon Chemical Co., Ltd., Korea) was incorporated into the substrates at concentrations of 0 (referred as control), 0.25, 0.5, 1.0, or 2.0 kg·m -3 (polymer: medium (w/v), dry weight basis) with three replicates per treatment. Organic fertilizers were Xu et added to the substrates at 5% total volume to ensure that the same quantity was applied in each substrate which depth was 20 cm.
Plant material
Seedlings of Agastache rugosa were obtained from a commercial nursery, grown on 10 cm-diameter pots. Three seedlings of Agastache rugosa with consistent heights of 20 cm were transplanted into green roof containers on the 14th of May 2014. The initial height of the transplants differed by <1 cm. All plants were watered every 2 days in the first week followed by no watering when they were considered well established.
Measurement of volumetric water content of the substrate and plant growth
The volumetric water content in the top 10 cm of the substrates were monitored using a portable soil humidity tester (DM-5, Takemura®, Japan), respectively, at four locations selected randomly. Three replications were performed at 5 p.m. every week during the experimental period. Meteorological data were recorded every 30 min using an automatic weather station (Sensus, Casella Group Ltd., UK).
The growth parameters observed were plant height, leaf number of all the plants (n = 9) in June (dry season) and August (rainy season), respectively. Plant height (H) above the stem base, widest width at the widest vegetative point of the plant passing through the center (W1), and widest width perpendicular to W1 (W2) were measured. The data for the height and width were used to calculate the growth index (GI) ([W1 + W2]/2 + H)/2, commonly used as an indicator of plant size (Hammond et al., 2007) . The relative appearance of the plant was evaluated based on its visual quality. The visual quality evaluations were divided into five grades, with grade 1 standing for severely stressed and completely dried out, grade 2 for stressed with less than 50% of the leaves retaining green pigmentation, grade 3 for mildly stressed with 50% of the leaves retaining green pigmentation, grade 4 for minor stress with over 50% of the leaves appearing to be healthy, and grade 5 for unstressed with all leaves appearing healthy (Nagase and Dunnett, 2010).
Leaf color was measured using a Chroma meter (CR-400, Konica Minolta Group, Japan) with L*, a*, and b* mode. The L* values ranged from black (L* = 0) to white (L* = 100). The a* values ranged from red (a* = 100) to green (a* = -100). The b* values ranged from yellow (b* = 100) to blue (b* = -100). Chroma C* was calculated as (a*2 + b*2) 1/2 measures for color saturation or intensity. Hue angle h was calculated as tan -1 (b* / a*). When a* was less than 0 and b* was greater than 0, h was 180 + tan -1 (b* / a*). The value of h is a 360° color wheel, with 0°, 90°, 180°, and 270° representing red-purple, yellow, bluish-green, and blue, respectively (Wang and Camp, 2000) . The leaves measured were the third from the top to the bottom of the plant. The Leaf color, chlorophyll contents of leaves and number of inflorescences were measured in August when plants were at peak flower time.
The chlorophyll meter (SPAD-502) is a simple tool used to measure the relative chlorophyll content or greenness, thus is an efficient indicator of stress in plants (Netto et al., 2005) . The chlorophyll contents were measured for 9 leaves per container using a SPAD-502 meter (Minolta Camera Co., LTd, Osaka, Japan).
All the herb plants in green roofs overwinter with no protection. Overwintering survival rates and self-sown seeding number for all plants were recorded in May and June 2015 by measuring the number of sprouts aboveground from the roots and growing seedlings from seeds, respectively.
Experiment design and statistical analysis
This experiment was a completely randomized design with two factor, substrate design and hydrophilic polymer rate. There were three replicates for each treatment and each replicate consisted of three plants. Data were subjected to analysis of variance (ANOVA) with SAS 9.1 software package (SAS version 9.1, SAS Institute, Cary, NC). Significant mean separation was indicated by Duncan's multiple range test. Statistical significance was considered when the p value was less than 0.05.
Results

Volumetric water content of substrate
Under C 4 P 1 treatment, the average volumetric water content was 52.7, 60.3, 61.3, 66.5, or 85.3% with 0 (control), 0.25, 0.5, 1.0, or 2.0 kg·m -3 of hydrophilic polymer, respectively. Under C 1 P 4 treatment, it was 14.0, 14.1, 14.4, 17.8, or 25.3%, respectively, and 48.9, 50.4, 53.4, 58.5, or 82.6% under C 1 P 1 treatment (Fig. 2) . The moisture contents of substrate C 4 P 1 and C 1 P 1 under the control treatment were almost 3.8-and 3.5-fold higher than that of substrate C 1 P 4 , respectively. There was a significant (p < 0.001) interactive effect of the substrate and the hydrophilic polymer content on the volumetric water content. The temperatures of the substrates were significantly affected by treatment with hydrophilic polymer during the study (data not shown). The temperature of the substrate dropped significantly (p < 0.001) as the hydrophilic polymer content in the substrate was increased.
Plant growth
As shown in Table 1 , the growth index of Agastache rugosa was not significantly different among the three substrates when measured in June. However, the leaf number (p = 0.009) and visual rating (p = 0.028) were significantly greater in substrate C 1 P 4 than in substrate C 4 P 1 in August. In addition, the growth index (p < 0.001), leaf number (p < 0.001) and visual rating (p < 0.001) of Agastache rugosa were significantly greater in substrate C 1 P 4 than those in other two substrates when they were measured.
Flower development
The purple-blue flowers of Agastache rugosa started to bloom from mid-July to midOctober, with a flowering period extending more than 90 days. The peak blooming period was from mid-August to early September. The total number of inflorescences per Agastache rugosa plant was significantly (p = 0.002) higher in C 1 P 4 than in the other substrates (Fig. 3) . Incorporation of 1.0 kg·m -3 hydrophilic polymer significantly increased the total number of inflorescences per Agastache rugosa plant in C 1 P 4 , which was more than 2-fold higher than those in either the control or other hydrophilic polymer treatments. However, there was no significant difference in the total number of inflorescences per plant between the control and hydrophilic polymer treatment in C 4 P 1 and C 1 P 1 . As shown in Table 2 , there was an interactive effect between the substrate and the hydrophilic polymer on lightness (L*) (interaction p = 0.010), values of a* (interaction p = 0.003), b* (interaction p = 0.009), Chroma (C*) (interaction p = 0.007) and hue angle (h) (interaction p = 0.040) in August when plants were at the peak flowering stage. Lower values of L* and a* as well as higher hue angles were recorded in the leaves of plants in C 1 P 4, confirming the darker green color of the foliage compared to C 4 P 1 and C 1 P 1 . The leaves in C 4 P 1 had a less vivid green color than those in C 1 P 4 and C 1 P 1. Treatment with 1.0 kg·m -3 hydrophilic polymer greatly increased the value of L* (brighter), b* (more yellow) and Chroma (more vivid), but decreased the value of a* (more green) in substrate C 4 P 1 . In C 1 P 1, hydrophilic polymer amendment increased the value of L* (brighter), b* (more yellow), and C* (more vivid), but decreased a* values (more green) and h values (greener). The SPAD value for all treatments in C 1 P 4 was better than for other substrates. Moreover, the leaf performances were the highest under C 1 P 4 treatment when measured in August, with large leaf sizes and green healthy leaves (Fig. 4) . 
Overwintering
There was an interactive effect between substrate and hydrophilic polymer rate on overwintering rate (interaction p = 0.041) and self-sown seedling number (interaction p < 0.001) of Agastache rugosa, with significantly higher overwintering rate and selfsown seedling number in substrate C 1 P 4 than that in C 4 P 1 and C 1 P 1 ( 
Discussion
Our results revealed that more water was retained in the substrates when hydrophilic polymers were added compared to the control substrate. However, the amounts of additional volumetric water content in the three substrates depended on the compositions of the substrate. Hydrophilic polymer at 2.0 kg·m -3 significantly increased the average volumetric water content to values 1.62-, 1.81-, and 1.69-fold greater than that with no hydrophilic polymer in substrates C 4 P 1 , C 1 P 4 , and C 1 P 1 , respectively. In agreement with our study results, many studies have demonstrated that water retention in soil was increased with the addition of hydrophilic polymers, particularly in coarsetextured sandy soil (Dorraji et al., 2010) . As the hydrophilic polymer content in the substrate increased, the substrate water content also increased, resulting in decreased temperature in the substrate (Nardini et al., 2012) . The difference in volumetric water content between substrates with and without hydrophilic polymers decreased over time, especially in the coarse-textured substrate C 1 P 4 starting from August. The difference also decreased with hydrophilic polymer concentrations less than 2.0 kg·m -3 in other substrate treatments. This reduction might be due to the loss of hydrophilic polymer effectiveness with time (Geesing and Schmidhalter, 2004 ). According to Han et al. (2013) , the capacity of absorbing and desorbing water decreased with time and outside water condition. However, Jobin et al. (2004) found that there was no difference in available water and air-filled porosity in three substrates containing hydrophilic polymer after 9 weeks. Bai et al. (2010) studied the soil moisture of sandy soils mixed with four types of super-absorbent polymers under alternating dry and wet conditions. They found that the water retention capacity of the polymer decreased sharply when soil moisture was lower than a critical threshold. In addition, the water holding capacity of hydrophilic polymers could be affected by the extreme environmental conditions on the rooftop such as intensive solar radiation, high temperature, water deficits, freeze-thaw cycles caused by season change, and wetting-drying cycle due to weather change (Andry et al., 2009 ). In the present study, high temperature and frequent rainfall during the summer rainy season in August might have resulted in frequent wetting and drying of the substrates, leading to the loss of hydrophilic polymer effectiveness. This was associated with coarse-textured substrates, such as C 1 P 4, that have a lower holding capacity, even with 2.0 kg·m -3 hydrophilic polymer. Our study revealed that the C 4 P 1 and C 1 P 1 substrates, which have high coir dust content, are not ideal for Agastache rugosa in green roofs, either under drought stress or frequent rainfall. In our study, the moisture contents of substrate C 4 P 1 and C 1 P 1 under the control treatment were almost 3.8-and 3.5-fold higher than that of substrate C 1 P 4 , respectively. Although high coir dust content can increase the water content of substrates remarkably, it had no significant effect on plant growth for Agastache rugosa in June with little rainfall. Conversely, decreased leaf number and visual rate were observed in C 4 P 1 with high coir dust content. In this study, the high coir dust content significantly decreased the number of inflorescences and ornamental quality in the peak flower period. Because of the high water-holding capacity, high organic content substrates are commonly used as container media, but are not recommended in green roofs in many studies (Cho et al., 2006) . Beattie and Berghage (2004) suggested that substrates composed of 80-100% mineral matter and 0-20% organic matter suited for green roofs. Dunnett and Kingsburry (2004) also stated that low proportions of organic matter should be used, at between 10% and 20% of the total volume. The result is also consistent with the study findings that the substrate containing 10% organic matter was Xu et (2015) conducted a six-year experiment which showed that the substrate with low organic matter content was suitable for brown (biodiversity) roofs. In our study, the peak flower time for Agastache rugosa was the summer rainy season with high temperatures and frequent rainfall, which might have resulted in frequent wetting and drying of the substrates in the green roof. Increased coir dust content could result in lush growth that may suffer damage under drought stress or frequent rainfall, resulting in frequent drying and wetting. Rowe et al. (2006) found that high organic matter in substrates may result in shrinkage because of decomposition. They may also increase poor growth of Agastache rugosa in the substrates C 4 P 1 and C 1 P 1, with worse flowering and reddish purple leaves in August. In our study, the results showed that hydrophilic polymer addition had no significant effect on the growth of Agastache rugosa in June, during which plants were exposed to less rainfall, though the hydrophilic polymer significantly increased the water content of the substrates. The results indicated that Agastache rugosa has high drought tolerance that can withstand extended dry conditions on green roofs. Although mineral-based substrates are recommended in green roofs, water scarcity is typically the main problem because of extreme environmental conditions, even in the rainy season. The flowering is the most sensitive phase to water stress (Álvarez et al., 2013 ) and the effect of water deficits on flowering has been suggested in many studies. Koshita and Takahara (2004) found that water stress reduced the number of flowers produced by Citrus unshiu during flowerbud induction periods. Caser et al. (2017) showed that severe water stress significantly decreased flower number and delayed the flowering period of Primula vulgaris 'Heidy'. The importance of water stress was also examined by Razmjoo et al. (2008) , who found that the number of flowers produced by Matricaria chamomile decreased with long interval irrigation. Similar effects of water stress on flower production have also been observed in crops. Passioura (2006) observed that water deficit greatly affected crop productivity, especially when it occurred at the flowering stage. The number of flowers and yield of Solanum melongena L. was markedly decreased when water regimes were adopted (Lovelli et al., 2007) . In our study, hydrophilic polymer addition at a concentration of 1.0 kg·m -3 increased the water content in substrate C 1 P 4, thereby improving the substrate condition and significantly increasing the number of flowers produced by Agastache rugosa.
The Agastache rugosa in substrate C 1 P 4 had high rate of overwintering success with over 70%, except in 2.0 kg·m -3 hydrophilic polymer treatment. Higher overwintering rate was associated with lower coir dust and hydrophilic polymer content. The low temperature injures the growth of plant roots, and cold weather freezes the surface soil sometimes, inflicting damage on shallow roots such as those planted in green roofs. Another type of winter root injury is caused by frost heaving, which is the result of the formation of ice lenses in the soil caused by a segregation of the soil water. Ice lenses are growing from below and pushed upward, which cause the plants to move upwards in the soil, sometimes pushing them out of the soil altogether. This can break many of the fine roots (Cleavitt et al., 2008) . Injury or death usually follows if roots are broken or the shoots and exposed roots become dried out. Frost heaving is most likely to occur in fine-textured soils with high water content (Tarnocai and Bockheim, 2017) . The higher coir dust and hydrophilic polymer content resulted in higher water content in substrates, thus leading to the low rate of overwintering. Xu The result also confirmed that the self-sown seedling number was affected by the composition of substrate, hydrophilic polymer rate. The germination of seed associated with moisture content, suitable temperature, and adequate supply of oxygen (FinchSavage and Leubner-Metzger, 2006). However, long-term high moisture maintenance may result in seeds of some species rotting. As to Agastache rugosa, there was more number of seed starting seedlings under the C 1 P 4 treatment by the perlite based (perlite) substrate, compared to coir dust based substrate.
Conclusions
Our results indicated that higher moisture was retained in substrates with hydrophilic polymers compared to that in the control substrate. We found that Agastache rugosa had a high drought tolerance capable of withstanding extended dry conditions in green roofs. The C 4 P 1 substrate, which has high coir dust content, is not recommended for Agastache rugosa because of its low growth and poor ornamental quality, especially in the rainy season. Addition of 1.0 kg·m -3 hydrophilic polymer to substrate C 1 P 4 increased the inflorescences number and resulted in good growth and ornamental quality both under drought and rainy seasons. Higher overwintering rate was associated with lower coir dust and hydrophilic polymer content. A greater number of seeds started seedling in substrate C 1 P 4 , especially at rates of 1.0 and 2.0 kg·m -3 . These results indicated that the addition of 1.0 kg·m -3 hydrophilic polymer to substrate C 1 P 4 is optimal for Agastache rugosa in green roofs. Further research studies are needed to determine the physical and chemical properties of substrates with different amounts of hydrophilic polymers. In addition, a follow up study on the effects of hydrophilic polymers on overwintering and the growth of Agastache rugosa in the second year would be useful.
